Application fields of solid-state NMR (ssNMR)
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1.Anisotropic interactions
2.High-resolution ssNMR
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» Cross-Polarization
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» 13C NMR of alanine in solution
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» 13C NMR of solid alanine
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*» H,:Zeeman interaction ~1000-100 MHz
* Hpp: Interaction with RF pulse (B1) ~10-100 kHz
= H,: Quadrupolar interaction (spin > 1/2 only !) ~ 10-100 kHz

* H, : Dipolar interaction ~10-100 kHz
* H,: Chemical shift interaction ~ 10-200 ppm
* J;: Scalar interaction ~10-100 Hz

NMR interactions
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= H,:Zeeman interaction ~1000-100 MHz
*  Hyp: Interaction with RF pulse (B1) ~10-100 kHz
* H,: Quadrupolar interaction (spin > 1/2 only !) ~ 10-100 kHz

*= H, : Dipolar interaction ~10-100 kHz
* Hs: Chemical shift interaction ~ 10-200 ppm
* H;: Scalar interaction ~10-100 Hz

Anisotropic interactions

How do anisotropic interactions affect the NMR spectrum ?

= Each molecular orientation give rise to a different
resonance frequency

» |n powders we have a random distribution of molecular

orientations. Thus the lineshape is the weighted
superposition of all the different orientations
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Anisotropic interactions

= Second-rank tensors (3 x 3 Matrices)

0o =(03 +0 +035) 13

Q=0'33—Cli1
LAB %0
Q
0 <0y =<0y
;) + 0y + 033 w0
PAS
g 0 0
Ops=|0 o, 0
0 0 o,

Chemical Shift

» The external magnetic field B, induces currents in the
electron clouds in the molecule.

» The circulating molecular currents in turn generate a
magnetic field (called the induced field By, ceq):

Nuclear

Flow of
olectrons Induced
f

Bj(lOC)= B0 + Binduced

Chemical Shift Anisotropy

- The electron distribution surrounding nuclei is inherently
asymetric
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X< y The shielding effect depends :
- on the orientation with respect to Bo
- on the magnitude of Bo

- on the gyromagnetic ratio

Chemical Shift Anisotropy parameters

= By suitable choice of the coordinate system (PAS), the
CSA Tensor only contains the diagonal elements

with 6, +0,, + 0, =0
and 0, =0,=04

Isotropic chemical shielding ois, = 1/3 (01,+ 03,% 033) / 3
Anisotropy (PPmM) 5 8,,, = 053~ 0 1

Asymmetry 77asym= (0'22' 011) / Saniso




Chemical Shift Anisotropy

» The resonance frequency is directly correlated with the
orientation of the CSA tensor with respect to B,

Chemical Shift Anisotropy

= Powder lineshapes are characteristic for the magnitude
of the anisotropy (8,,,,) and asymmetry (7 .o, ) of the

aniso
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Figure 2. Phosphorus-31 CP NMR spectra of a single crystal of TMPS
for rotations of the crystal holder about its X, ¥, and # axes, acquired
at 4,7 T.




CSA characteristic for various lipid phases

31P NMR

Unorientad lamellar phase
(MLVs)

Oriented lamellar phazes with
bilayer nonnal parallel to
magnetic field (i.e. [0 B,)

Unoriented hexagonal phase
(hexazonal phase powder
pattern)

Micelles or cubic phase,
isotropic chemical shift
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Chemical Shift Anisotropy

» Lyophilized sample
= Microcrystalline powder
= Microcrystalline powder (different protocols)

I P NI NI

(h)

M _

B = =R L S L

Chemical Shift Anisotropy

= Chemical shift (CS) depends on the local electronic
environment

» CS can be calculated with quantum-mechanical methods
and used to obtain structural information

= CS measurement are used to derive dihedral angles in
protein backbone (Ca, C' atoms). The '3C CS are
characteristic of protein secondary structures

Dipolar coupling

= Interaction of one nuclear spin with a magnetic field
generated by another nuclear spin, and vice versa




Dipolar couplings

Interaction energy between 2
\ ‘ magnetic (dipole) moments when

both are aligned with By, :
‘Liﬁ

Dipolar couplings depend on :

- orientation of the internuclear vector relative to the static
field Bo

- internuclear distance (1/ r3)

- gyromagnetic ratios of the 2 involved nuclei
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Dipolar couplings

Dipolar interaction tensor

¥y oo - Second-rank tensor
)= 4; oo - Axially symmetric
T g g -2 - Traceless

» |n solution, dipolar couplings are averaged to zero due
to rapid (rotational) motion of the molecules

» |n solids, dipolar couplings give rise to line splittings
which can easily exceed 10 kHz of magnitude.

Dipolar couplings

Homonuclear
dipolar coupling

Heteronuclear
dipolar coupling

Hea = -d (3 cos™-1) L5, Hy=-072 (3 cos’B-1) AL, L, - 1L
d = (W /4m) Ay, d = (A5 e iy,
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v, v/

Nuclear pair Internuclear distance RPD (Hz)
"H-H 10A 120 kHz
TH-13C / 'H-"°N 1A 30 kHz
H, 13C 2A 3.8 kHz

Dipolar couplings

= Dipolar couplings are proportional to the internuclear
distance : dipolar splittings in spectra of oriented or
powder samples provide a high-precision measure of
internuclear distances (CC, NC distances)

= Heteronuclear Dipolar couplings (~10-30 kHz) are used
to obtain orientational restraints i.e. tilt of transmembrane
helices in oriented bilayers (PISA wheels)

= Homonuclear 'H-"H dipolar couplings (up to 120 kHz)
homogeneously broaden the NMR signals. Proton-
detection in solids is difficult.




Motional averaging of anisotropic interactions

» Anisotropic interactions provide a rich source of information
about amplitude motions in biomolecules

» They can possibly reveal details of the motions, such as
asymmetric motions, as long as the process takes place on time
scales shorter than the inverse of the anisotropic interaction
strength e.g. for HN dipolar couplings (~10 kHz), motion
amplitudes faster than 10 us can be assessed

» The amplitude of the averaging process is reflected in the
scaling factor of the anisotropic interactions and can be directly
obtained from the lineshape analysis of ssNMR spectra

information about dynamics on different time scales

ssNMR spectrum (spin %2)

Isotropic Anisotropic
H=H_g H=Hes+H,;+H,
H=H+H, H=He+H, +Hegy + Hppot
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H=H+H,+H, +H

Dipuiar

ssNMR spectrum (spin %2)

= Liquid: anisotropic interactions are averaged out on the
NMR time scale. Only isotropic interactions are
observable i.e. isotropic CS and scalar couplings

= Solid: NMR spectrum
lineshape reflect the
weighted sum of all

orientations Solution 3C NMR
Additional

ST Solid State *C NMR
structural
information

High-resolution ssNMR




NMR interactions

Solution “C NMR
A
1 Solid State %C NMR
150 100 50 0 ppm

Magic Angle Spinning (MAS)
Andrew and Lowe (1954)

- MAS relates to sample spinning about an axis that is
inclined by an angle 6 to the static magnetic field BO

- If 6 = 54.74° ("'magic angle’), second-rank tensor
interactions can be averaged out

1 Angular dependence
1 of second-rank tensors is
pg given by the second-order
o4.7 - 1 legendre polynomial

C)\'/ (3c0s20-1)/2
F A (3c0s20-1)/2=0
“ if 0=54.74°

Magic Angle Spinning (MAS)

In MAS, the sample is placed in a cylindrical rotor which is
rapidly spun about an axis that is tilted by 54.74 degrees
away from the direction of the static BO.

MAS rotors

MAS

Magic Angle
calibration (KBr)

off magic angla
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Magic Angle Spinning (MAS)

- MAS frequency > magnitude of the interaction : isotropic
value

- MAS frequency < magnitude of the interaction : the
powder spectrum is split into rotational sidebands

3C spectra of Glycine (powder)
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Cross Polarization (CP)

= Polarization transfer from abundant spins such as 'H or
9F to dilute spins such as '3C or "N using through-space
dipolar couplings. The overall effect is to enhance S/N.

1. Signal enhancement factor (potentially) = ©/Cs
2. Shorter recycling delay (T1'H << T4 13C)

Abundant spins I
(1 H, 19F)

Dilute spins
ey S (I

Cross Polarization (CP)

The extent by which magnetization can be transferred to
the heteronucleus by CP depends on :

= the mixing time (or contact time)
» the magnitude of heteronuclear dipolar interactions
(i.e. distance between the nuclei, dynamics)

Abundant spins 1 I
('H, 1°F) .

Dilute spins
(13C, 15pN) S -

——

Contact time
(mixing)

Distanee i A

Mixing time [ms]

Cross Polarization (CP)

How to obtain efficient CP under MAS conditions
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Hartmann-Hahn conditions :

Lab frame: g > Wy Extremely different frequencies
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Recoupling techniques

Recoupling techniques utilize the constructive interference
between rotations in real space (MAS) and rotations in spin
space (RF irradiation). In this way, it is possible to avoid the
averaging of anisotropic interactions by MAS

- Several classes of recoupling experiments :
* without RF-irradiation
* using discrete pulses
* using CW irradiation
* using phase-modulated RF irradiation

Obtaining structural restraints
Transfer the magnetization between nuclei

1. Proton-Driven Spin Diffusion (PDSD)

= Dipolar-mediated polarization transfer under MAS
(residual homonuclear 'H-"H dipolar couplings)

mixing
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Typical mixing times (protonated organic solids) :
- Direct bond transfer ~ 10 ms
- Long-range transfer ~ 100-500 ms

2D (13C,'3C)-PDSD spectrum of Ubiquitin (mixing = 200 ms)
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Recoupling techniques without RF irrdiation

2. Rotational Resonance (R?) I

HN——CH—C—0CH
= “ Rotor-driven” spin-diffusion | S

CHa

= Partial reintroduction of the

homonuclear dipolar ' 1
coupling when R2 condition = 1
is fulfilled (line-broadening) T T
B et (AN
= Use as a polarization i LQL__
transfer method (PDSD gl "FL__
under weak coupling gy - —— -‘~|.|L -
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= Re-introduction of selected anisotropic spin interactions
by applying rotor-synchronized RF pulses

[ﬂ}, (), s AL H

Discrete pulses prevent full averaging of the dipolar
coupling under MAS !

REDOR experiment Basic bUI|d|ng block
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N Relative signal intensity
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Protein structure

determination
and dynamics

Structure determination protocol

Isotope-labeled protein

’Secondary structure : CSI‘

‘Dihedral angle prediction : Talos, ‘

‘Collection of structural restraints‘

EAssignment of restraints

i Structure calculation !

!

3D models

Medium-range
(2<residues<5)




Resonance assignment

- Protein sequence known

- Chemical structure known
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Resonance assignment

Averaged backbone and sidechain '3C chemical shifts

13C shifts are ~ not
amino-acid type specific
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Resonance assignment

Characteristic '°N-13C correlations

BN 10
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Multidimensional ssNMR

= Evolution period is systematically incremented and a collection
of FIDs S(t,,t,) is recorded

» The 2D spectrum S(v,, v,) is obtained by 2D FT of the S(t,,t,)

= Phase cycling of the preparation and mixing units selects the
desired coherence transfer pathway

Acquisition -\".
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Multidimensional ssNMR

Goal:

Evolution Detection Mixing

A: Chemical shift or z pulse B: dipolar/scalar coupling

Q.1
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1. Identification of spin systems (amino-acid type) based
on intraresidue correlation patterns

- 3C-13C PDSD/DARR (short mixing time)

- 1®N-13C NCACX (short mixing time)

- ’N-13C NCACB
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Transfers : 2D PDSDIDARR 'n-uﬁn-
1. CP HC (broadband)
2. Mixing <50 ms
2. Mbdng > 150 ms

IDNCA 2D MCA)CK 3D NCACX

| e £ | B
. Mitsing < 50 ms
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2. Linking the spin-systems by the identification of
sequential correlations

- 13C-13C PDSD/DARR (long mixing time)

- BN-13C NCACX (long mixing time)

- N-13C NCOCX (short mixing time)

- ®N-13C CANCO/CANCOCX
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3D NCC correlation spectra
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Resonance assignment strategy

N D Through space
S . x Rigid protein
mesemm Segments
T1rhn
N,
co,, J Through-bond
Ca, 180, go 180,
— Mobile protein
W e, segments
Cb, i
T,

“Through-bond” vs. “through-space”
transfer based ssNMR experiment
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magnetization
transfer
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Structure determination protocol

Isotope-labeled protein

Assignment of '3C and '°N resonances

Collection of structural restraints‘

EAssignment of restraints

i Structure calculation !

|

3D models

Medium-range
(2<residues<5)




Secondary structure

Dihedral angle prediction from
13C and "°N backbone CS (Talos)
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Comparigon of the backbone conformation in 2 62 residue proteinand the
secondary chemical shifts
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Secondary structure

a2 @,  '3C and N backbone CS predictions
s °.'___» from high-res 3D structures
' (ShiftX, ShiftX2,Sparta)

B SHIFTS

B PROSHIFT
B SHIFTX

O SPARTA

O SPARTA (solution)

Prediction RMSD (ppm)

Tensor correlation experiments

= Tensor correlations experiments can be used to

determine the relative orientation of two anisotropic
interactions

For example, dihedral angles can be determined by :
Dipolar coupling tensor correlation
CSA / CSA tensor correlation
CSA / Dipolar tensor correlation

Structure determination protocol

Isotope-labeled protein

‘Assignment of '3C and "°N resonances‘

’Secondary structure : CSI‘

‘Dihedral angle prediction : Talos, ‘

EAssignment of restraints

i Structure calculation !

!

3D models

Medium-range
(2<residues<5)




13C/15N distance restraints

Measurement of internuclear distances by reintroducing
the dipole-dipole coupling otherwise averaged out by MAS

Accurate distances
but time-consuming !!

Medium-range
(2<residues<5)

1. A single internuclear distance at a time :

- Specifically labeled spin-pair samples
- Frequency-selective recoupling methods

Measurement of internuclear distances by reintroducing
the dipole-dipole coupling otherwise averaged out by MAS

“Dipolar truncation effect” :
domination of strong dipolar
couplings (i.e. short range),
prohibiting the measurement of
long-range distances

Medium-range
(2<residues<5)

2. Hundreds internuclear distances at a time :

- Uniformly labeled samples
- Broadband recoupling methods

Distance restraints

PDSD is less sensitive to dipolar truncation
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Protein Structure Determination from "’C Spin-Diffusion
Solid-State NMR Spectroscopy
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13C, 15N distance restraints

Measurement of internuclear distances by reintroducing
the dipole-dipole coupling otherwise averaged out by MAS

“Dipolar truncation effect” :

domination of strong dipolar

couplings (i.e. short range),
prohibiting the measurement of
S long-range distances

(2<residues<5) .
Al

]
.
’

2. Hundreds internuclear distances at a time : __.-"
- Sparse isotope labeling schemes

- or Refined recoupling methods
Bayro MJ (2009), J.Chem. Phys 130, 114506




Proton assisting the carbon spins

PAR spectra on microcrystalline CrH protein
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"H-TH distance restraints

Measurement of internuclear distances by reintroducing
the dipole-dipole coupling otherwise averaged out by MAS

'H-H distance restraints =
most abundant source of inter-
residue interactions in the range
ofupto4 Al

Medium-range
(2<residues<5)

3. Hundreds 'H-"H internuclear distances at a time :
= Uniformly '®N/13C labeled sample
» [ndirect detection schemes encoding 'H-"H polarization

De Paepe G, Lewandowski JR, Loquet A, Bockmann A, & Griffin RG (2008) tra nSfe r
Proton assisted recoupling and protein structure determination. J Chem Phys 129(24):245101.
'H-"H distance restraints 'H detection and ultra-fast MAS
CHHC and NHHC 10 [ X3 00

De novo solid-state NMR 3D structure of KTX
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CC vs CHHC on KTX

FPDB: 1XSW

Eackbone RMSD: 0.8 A
Eackbone RMSD (residues 4-38) between solid KTX and KTX in solution:1.9 A

Lange A, Becker 5. Seidel K, Pongs O, Saldus M. 2005. Angew. Chem.-Inl. Edit. 44. 2088,

THN-"HMe and "HN-THN
distance restraints
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Samoson A., Ernst M., Bockman A., Meier B. et al.
Angew. Chem. Int. Ed. 2014, 53, 12253 —-12256

4. Specific "H-"H internuclear distances :

» 'H back-exchanged (U-°N/13C/2H, ILV )-labeled sample

= Direct detection schemes encoding 'H-"H polarization
transfer




Other distance restraints

Paramagnetic quenching of NMR signals
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Protein dynamics on various timescales

3D structures and
dynamics

Transport across membranes
at the atom level ————

Sidechain Enzymatic catalysis
Vibration rotation Allosteric regulation

Loop
Libration motion Folding, misfolding

L fs [ ps [ ns [ s [ ms [ s |

Averaging of dipolar couplings

—
o CCR: CSA-CSA
Protein fibrils —

. CCR: isotropic CS - isotropic CS
Membrane proteins
Weak protein assemblies
Etc i

I JE——
CPMG relaxation dispersion

—
. relaxation dispersion

Schanda, P. & Ernst, M. Progress in Nuclear Magnetic Resonance Spectroscopy 96, 1-46

Biomolecular ssNMR : Summary

» No size limitations, crystallinity not mandatory
= Milligram amounts of '"N-13C (?H) labeled protein

= Atom-level structure and dynamics in a (complex)
functional environment

= About 70 protein structures (PDB/BMRB), including
membrane proteins and fibrils

= Complex Biomolecules : spectral overlap and critical
spectroscopic sensitivity

» Refined isotope labeling strategies

» Multidimensional ssNMR experiments

» Efficient decoupling/recoupling schemes

» High static magnetic fields

» Proton-detection

= Fast (40 kHz) and ultra-fast MAS (111 kHz)
= DNP-MAS (400 MHz - 800 MHz)




